Abstract-Polarization switching (PS) in 1550-nm VCSELs under single and double pulsed polarized optical injection is investigated experimentally and in theory. "Normal" and "reverse" PS were achieved, respectively, when the device was subject to single and double optical injection. Speed operation enhancement is observed for "reverse" PS under double polarized optical injection. Also, the minimum injection power requirements for both "normal" and "reverse" PS have been analyzed showing significant differences for the two investigated cases. Furthermore, we have also investigated numerically the influence of important system parameters, such as the normalized bias current, the injection field strength, and the linewidth enhancement factor in the optimal operation conditions for both types of PS. Overall good agreement between theory and experiments is found.
I. INTRODUCTION
V ERTICAL-cavity surface emitting lasers (VCSELs) exhibit very attractive advantages in comparison to edgeemitting lasers. These include amongst others reduced threshold current, single longitudinal mode operation, circular output beam profile, high bandwidth modulation, reduced manufacturing costs, ease to integrate in 2-D arrays, and wafer scale integration (for a review see [1] for instance). Such features make VCSELs ideal devices for use in a rich variety of advanced applications in present and future optical systems and networks [2] , [3] .
A very significant aspect of VCSELs that has attracted much attention in recent years refers to their specific polarization properties. For instance, VCSELs can undergo polarization instabilities that can produce polarization switching (PS) between the two orthogonal polarizations of the fundamental transverse mode of a VCSEL [4] - [14] . PS can be obtained for instance by A. Hurtado is with the Institute of Photonics, University of Strathclyde, Glasgow G4 0NW, U.K., and also with the University of Essex, Colchester CO4 3SQ, U.K. (e-mail: antonio.hurtado@strath.ac.uk).
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varying the device's operation conditions, including the control of the applied bias current or temperature [4] - [6] or using different techniques such as optical feedback [7] , [8] or external optical injection (OI) [9] - [14] . OI is indeed a commonly used technique to affect and investigate the VCSEL's polarization characteristics. Different phenomena such as PS, injection locking, bistability and a rich variety of additional nonlinear responses can be induced in VCSELs under the injection of external light (for a review see [1] ). A simple way to induce PS in a VCSEL is to inject an optical signal whose polarization is orthogonal to that of the VCSEL's lasing mode, a situation usually known as orthogonally-polarized OI. Additionally, the achievement of PS in VCSELs has also been recently reported under different cases of polarized OI, including orthogonal [9] - [11] , parallel [12] and arbitrary polarized injection [13] , [14] .
In recent years, PS in long wavelength VCSELs, emitting at the important telecom wavelength of 1550 nm, has undergone considerable theoretical and experimental investigation [15] - [18] . PS and Polarization Bistability (PB) have been observed in single-transverse mode VCSELs subject to orthogonallypolarized OI when controlling the injected optical power and the initial detuning between the wavelengths of the injected signal and that of the VCSEL [17] , [18] . Also, in view of the potential uses of PS and PB in different applications, the analysis of several important characteristics of PS in VCSELs, such as the hysteresis cycle width [19] - [24] , operation speed [25] - [32] and minimal power requirements for PS [15] has started to attract the attention of the research community.
Fast operation speeds (of several gigahertz [33] ) and low input power requirements (of only a few * * μWs [15] ) have been reported for PS induced by OI in VCSELs, thus offering potential for all-optical signal-processing applications for use in future optical networks. For instance, an all-optical inverter has been recently reported using the PS in a 1550 nm-VCSEL under single optical injection (SOI) with orthogonal polarization [29] . Moreover, speed operation enhancement has been predicted for a VCSEL-inverter under double optical injection (DOI) [30] . Other uses of PS in VCSELs include optical buffer memory [25] , [26] , flip-flop elements [27] , [28] , optical signal regeneration [31] , optical logic gates [34] , [35] , novel photonic neurons [36] , [37] , etc.
However, to assess the potential of PS in 1550 nm-VCSELs for their use in real systems it is necessary to investigate the response when time-varying signals (similar to data streams) are injected into the device. Therefore, in this work we have Fig. 1 . Optical spectrum of the 1550 nm-VCSEL operating (a) alone (in blue) and (b) subject to SOI producing "normal PS" (in red). Optical spectrum of the 1550 nm-VCSEL subject to DOI (c) before (in red) and (d) after (in blue) the achievement of "reverse PS".
analyzed experimentally and in theory the effect of pulsed OI in the PS induced in a 1550 nm-VCSEL. Two different cases have been analyzed: SOI and DOI, producing respectively "normal PS" (from parallel to orthogonal polarization) and "reverse PS" (from orthogonal to parallel polarization) at the VCSEL's output. We confirm experimentally the theoretical prediction that a faster response is obtained when the device is subject to DOI [30] . Furthermore, we have also analyzed minimum injection strength to achieve PS in both injection cases considered for different important system parameters. Overall good agreement is found between theory and experiments.
Our paper is organized as follows. Section II introduces the concepts of normal and reverse PS. Section III presents the experimental setup used in this work. Section IV presents an extended version of the spin flip model (SFM) model which was used to simulate the polarization-resolved temporal dynamics of a VCSEL subject to single and double pulsed injection. In Section V we present the experimental and theoretical results showing overall good agreement between the numerical and experimental findings. Finally, Section V includes the discussion of the results and conclusions of this work.
II. NORMAL AND REVERSE PS (SOI AND DOI) Fig. 1(a) plots the optical spectrum of the free-running VC-SEL used in this work showing two modes (a lasing and a subsidiary mode). These correspond respectively to the two orthogonal polarizations of the VCSEL's fundamental transverse mode. Throughout this work we associate "parallel or y" ("orthogonal or x") polarization with the polarization of the lasing (subsidiary) mode of the VCSEL. Fig. 1(b) illustrates graphically the achievement of "normal PS" when the VCSEL is subject to SOI. An orthogonallypolarized optical signal (indicated by the red arrow in Fig. 1(a) ) is injected into the orthogonal polarization mode of the VCSEL. The latter locks to the externally-injected signal whereas the parallel polarization mode is suppressed. As a result the VCSEL's polarization switches and the device emits now light with orthogonal polarization [14] .
The second scenario analyzed refers to the case when the device is subject to DOI. Now, a constant orthogonally-polarized optical signal (indicated by the red arrow in Fig. 1(c) ) is initially injected into the VCSEL producing "normal PS". In this situation, a second parallel-polarized optical signal (indicated by the blue arrow in Fig. 1(c) ) is injected into the VCSEL's parallel polarization mode. The injection of this second signal switches back the polarization of the VCSEL from orthogonal to parallel producing "reverse PS" as shown schematically in Fig 1(d) . Fig. 2 shows the experimental setup used in this work [14] . An all-optical fibre setup was designed in order to inject polarization controlled light from two tuneable laser sources (TL1 and TL2) into a commercial 1550 nm-VCSEL [38] . The device had a threshold current (I th ) of 1.6 mA at 298 K and oscillated in its fundamental transverse mode.
III. EXPERIMENTAL SETUP
Two different cases of polarized OI were analysed in this work, namely SOI and DOI. For the first case, only TL1 was used and it was configured with an orthogonally-polarized output using a polarization controller. For the DOI case, both TL1 and TL2 were simultaneously used, but now their polarizations were respectively set equal to parallel and orthogonal polarizations. The output of TL1 was externally modulated using a 10 Gb/s Mach-Zehnder (MZ) modulator and a 12.5 Gb/s pulse pattern generator (PPG) to study the injection of time-varying optical signals in the PS induced in the 1550 nm-VCSEL. A variable optical attenuator (VOA) was also included after TL1 to control the injection strength of this time-varying injected signal. Both lines from TL1 and TL2 were combined using a fibre directional coupler and injected directly into the 1550 nm-VCSEL using an optical circulator. The VCSEL's reflective output was collected and analysed optically using an OSA and electrically with a 25 Gb/s oscilloscope. Also an erbium doped fibre amplifier (EDFA) and a Tuneable Optical Filter were included before the analysis stage to amplify the collected signal and to eliminate the noise introduced by the amplifier. Finally, the two individual VCSEL polarizations, parallel and orthogonal, were separated using a polarization beam splitter and their time dynamics were studied individually and simultaneously using two 12 GHz photodiodes connected to the 25 Gb/s sampling scope.
IV. MODEL
The theoretical model used in this work is based on the SFM [39] . We have extended it to account for the injection of two external fields with polarizations parallel and orthogonal to that of the free-running VCSEL. The rate equations of the extended model are given by:
where E x,y are the two linearly polarized (parallel and orthogonal) slowly varying components of the field. N and n are two The internal VCSEL parameters are as follows: κ is the field decay rate, γ N is the decay rate of N, γ s is the spin-flip relaxation rate, γ a is the rate of linear dichroism, γ p is the linear birefringence rate and α is the linewidth enhancement factor. The normalized pumping, μ, is related to the current by [30] :
where I and I th are, respectively, the applied bias current and the threshold current of the VCSEL. N t and N th correspond respectively to the carrier densities at transparency and at threshold. The fluctuating nature of the spontaneous emission (with the fraction of spontaneous emission photons that go into the laser mode indicated by β sp ) is also included in our calculations since ξ x (t) and ξ y (t) are complex Gaussian noise terms of zero mean and time correlation given by < ξ x (t)ξ * y (t ) >= 2δ xy δ(t − t ). The OI parameters are: E inj x(y ) and ν inj x(y ) where E inj x(y ) represents the injected field amplitude in the orthogonal or x-(parallel or y-) polarization whereas v inj x(y ) is the frequency of the orthogonal (or parallel) injected external signal. We must note, however, that all the results are given as a function of the frequency detuning Δν x or Δν y . The latter is defined as the difference between the frequencies of the injected signal in the x-or y-polarization and that of the VC-SEL's x-or y-polarization mode: Δν x(y ) = ν inj x(y ) − ν x(y ) , with νx = (−γp + γaα)/2π and νy = (γp − γaa)/2π Here, ν x and ν y correspond to the relative frequencies of the orthogonal and parallel polarization modes of the VCSEL with respect to a reference frequency ν ref = 0 which is the midpoint between the frequency of each of the modes.
The VCSEL parameters chosen in our simulations were [18] 
With this choice of parameters the free-running VCSEL emits in the y-linear polarization (parallel polarization mode) and the device did not exhibit current-induced PS for the entire current range analyzed. The coupling coefficient, κ inj , is coincident with the field decay rate because we assume the ideal case of an effectively mode-matched injected input beam. Equations (1)- (4) were simulated using a Platen explicit order 1.5 strong scheme for stochastic differential equations [40] .
For the first OI scenario analyzed in this work, (SOI), the free-running VCSEL emits in its y-linear polarization and a pulsed optical signal with orthogonal polarization, E inj x (t) is injected into the orthogonal polarization mode of the device. This external signal is injected at the frequency of ν inj x with an initial frequency detuning of Δν x with respect the orthogonal polarization mode of the free-running VCSEL. In this case, there is no injected signal in the parallel mode, i.e., E inj y (t) = 0.
In the second case of analysis, when DOI is considered, a constant orthogonally-polarized optical signal with E inj x and ν inj x is first injected into the VCSEL at a given detuning with respect to the orthogonal polarization mode of the VCSEL, Δν x . The injection of this first signal produces "normal PS" activating the orthogonal polarization at the VCSEL's output. In this situation, a second pulsed optical signal with parallel polarization, E inj y (t) is also injected into the device at a frequency of ν inj y , and at a frequency detuning equal to Δν y (with respect to the VCSEL s parallel polarization mode). The injection of this second signal switches back the polarization at the VCSEL's output to parallel, thus producing "reverse" PS.
V. RESULTS AND DISCUSSIONS
The temporal dynamics of the two orthogonal polarizations (parallel and orthogonal) of the 1550 nm-VCSEL are individually and simultaneously analyzed using a fast oscilloscope. Fig. 3 shows the measured time-dynamics at the VCSEL's output under the injection of a time-varying (pulsed) optical signal for the two cases of study SOI (see Fig. 3(a) ) and DOI (see Fig. 3(b) ). The black plot in the upper part of Fig. 3 shows the shape and time characteristics of the injected pulsed injected. This is configured with a time duration of 4 ns in both cases and with orthogonal and parallel polarization respectively for the SOI and DOI cases. Fig. 3(a) shows the experimentally measured time traces for the parallel (blue) and orthogonal (red) polarizations at the VC-SEL's output when the device is subject to SOI. Fig. 3(a) shows the achievement of "normal" PS, with the activation (suppression) of the orthogonal (parallel) polarization for the whole duration of the injected signal. On the other hand, Fig. 3(b) shows now measured time traces for the parallel (blue) and orthogonal (red) polarizations at the VCSEL's output when subject to DOI illustrating the achievement of "reverse PS". In this second case, a constant orthogonally polarized signal is injected first into the VCSEL producing "normal PS". Therefore, initially the orthogonal (parallel) polarization is active (suppressed) at the device's output. The arrival of the parallel polarized timevarying signal (at a relative time of 2.7 ns) switches back the polarization from orthogonal to parallel producing "reverse" PS for the whole time duration (4 ns) of the pulsed injected signal. Fig. 4 shows calculated time traces, for the parallel and orthogonal polarizations at the output of the 1550 nm-VCSEL when subject to SOI and DOI, respectively. As in the experimental measurements of Fig. 3 we have simulated the OI of 4 ns long pulsed signals with either orthogonal or parallel polarization into the VCSEL. Also, similar values of normalized bias current and initial frequency detuning to those used for the experimental plots of Fig. 3 were used in the calculated time traces included in Fig. 4 . The shape and time characteristics of the injected pulsed signals are depicted graphically in the black plot in the upper part of Fig. 3 . Also, the output power in both polarizations is averaged on a time interval of 0.12 ns using a standard moving average. Fig. 4(a) show results for the SOI case illustrating the achievement of "normal PS" where switching from parallel to orthogonal polarization is obtained for the whole pulse duration. On the other hand, Fig. 4(b) plot calculated results for the DOI case revealing the achievement of "reverse PS" as in the experimental results depicted in Fig. 3(b) . For this second case, the initial injection of a constant orthogonallypolarized signal produces "normal PS". Note that in Fig. 4(b) before the pulse arrival, the orthogonal mode dominates whilst the parallel one is suppressed. Upon the injection of a pulsed optical signal (like that in the black plot of Fig. 4 ) with parallel polarization, "reverse PS" is achieved and the y-polarization (parallel) mode is once again the dominating one for the whole duration of the injected pulse.
The comparison between Figs. 3 and 4 show good qualitative agreement between experimental and calculated results. In addition to reproduce the achievement of "normal" and "reverse" PS in a 1550 nm-VCSEL under SOI and DOI, respectively. The model also successfully reproduces the dynamic properties of both types of PS. For the SOI case, after the termination of the injected pulse the recovery of the suppressed polarization (parallel) exhibits large relaxation oscillations which ultimately limit the operation speed of "normal PS" for optical logic applications [29] . On the other hand a faster recovery time is observed for the suppressed polarization (orthogonal) in the DOI case without the appearance of large amplitude relaxation oscillations. A faster operation speed is therefore observed for "reverse PS" in the VCSEL under DOI, as theoretically predicted in [30] . The reason for this speed enhancement can be explained from the different transitions experienced by the VC-SEL in each case. Under SOI the VCSEL switches between an injection locking (orthogonally-polarized injection locking) and its free-running state, thus exhibiting large relaxation oscillations in the recovery of the original polarization (parallel). On the other hand, for the DOI case the VCSEL's response is much faster as the system switches between two injection locking states, from orthogonally-polarized to parallel polarized injection locking, thus eliminating the large relaxation oscillations and therefore allowing a faster recovery speed for the initially active polarization (orthogonal). This result is of importance for future practical uses of VCSELs in polarization sensitive applications as it might allow the development of faster basic all-optical signal processing components. For instance, a faster operation speed has been predicted for a VCSEL-based optical inverter exploiting the Reverse PS under DOI [30] . Also, the faster operation speed for PS in long-wavelength VCSELs could find significant uses in faster all-optical buffer memories and switching elements in future optical networks [25] - [28] . Fig. 5 shows experimentally measured switching times for the "normal" (see Fig. 5(a) and (b) ) and "reverse" PS (see Fig  5(c) and (d) ) obtained, respectively, under SOI and DOI. Fig. 5 plots measured switching times for the inverted polarization in each case, parallel (SOI) and orthogonal (DOI), as this has the slowest response times thus limiting the total operation speed of the system. Also, results are given for different injection strength for the injected pulse signal. The measurement conditions used in Fig. 5 were as follows: in the SOI case a 4 ns-long pulsed signal with orthogonal polarization was injected at a detuning of Δν x = −5 GHz. In the DOI case, a CW orthogonally-polarized signal was injected at Δν x = −5 GHz with constant power of 12 μW and a 4 ns-long pulsed polarized signal was injected at a detuning of Δν y = −5 GHz. In all cases a bias current of 2.4 mA (1.5I th ) was applied to the device. Also, the following criteria were used to measure the switching times in Fig. 5 : for the first switching transition (upon arrival of the pulsed signal, Fig. 5(a) and (c) ), the measured switching time was the time needed to transit from 10% to 90% of the total amplitude. On the other hand, for the second switching transition (after the removal of the pulsed signal, Fig. 5(b) and (d) ) the switching time was measured as the time needed to reach 90% of the intensity after the disappearance of injected pulsed signal. Fig. 5 shows that the switching times for the inverted polarization follow similar trends under SOI and DOI. The switching times decreases (increase) with growing injection strength for the first (second) switching transition. However, the results for the DOI case (see Fig. 5 (b) and (d)) show a faster operation speed with measured switching times approximately twice as fast as those measured for the SOI case (see Fig. 5(a) and (c) ). Furthermore, we must also note here that for comparison purposes, the data measured in Fig. 5 (c) and (d) for the second switching transition did not consider the relaxation oscillations undergone by the system to recover a stable state after the removal of the injected signal. The latter, which are particularly important in the SOI case, impose a further limitation on the time performance of the system for this case [30] . Therefore, as predicted theoretically in [30] , a much faster operation response is experimentally demonstrated for the case where the VCSEL is subject to DOI.
This operation speed enhancement under DOI is due to the transition between two different injection locked states experienced by the VCSEL. Injection locking is a technique producing faster carrier dynamics thus yielding a faster modulation bandwidth [41] , [42] . Therefore a faster switching response with damped recovery relaxation oscillations is observed in the DOI case as the system transits between two different injection locked states. As a result the system recovers faster to a stable state after the injected signal is removed. On the other hand, for the SOI case the system switches between injection-locked and free-running states producing large amplitude inherent relaxation oscillations. The latter significantly increases the recovery time of the system thus limiting its speed of operation.
In this work we were also interested in determining the optimum conditions for the achievement of "normal" and "reverse" PS in 1550 nm-VCSELs. Specifically, we are interested in investigating the minimum value of the injected power needed for both cases of PS to occur under SOI and DOI, respectively. The latter is defined as the lowest value of P inj (P inj = E 2 inj ) for which the average intensity of the suppressed polarization (parallel under SOI and orthogonal under DOI) does not exceed 10% of the average intensity of the dominating polarization at the VCSEL's output (orthogonal under SOI and parallel under DOI). For that purpose we have calculated injection locking diagrams plotting the minimum optical power requirements as a function of important system parameters for both cases of study, namely SOI and DOI. In many publications injection locking maps are plotted in the plane of the ratio between the powers injected and emitted by the solitary VCSEL versus frequency detuning, especially when the VCSEL is subject to CW OI [41] , [42] . However, in this work, the injection is not constant but time-dependent (pulses of 4 ns) which makes it more complicated to compare the injected and emitted power. Also, we analyze results for various applied bias currents yielding different emitted power. Therefore, in this work we decided to plot the injection locking diagrams as a function of the injected optical power. This option also allows easy comparison with experimental data of the points for which minimum OI power is needed to achieve "normal" and "reverse" PS.
For the case when the VCSEL is subject to SOI, the calculated map in Fig. 6 plots the minimum value of the injected power P inj x required for the achievement of "normal" PS versus the frequency detuning Δν x for different values of normalized bias current, μ. Fig. 6 shows that there is a quadratic dependence between P inj x and Δν x , and as consequence, there is an optimal working point in the P inj x − Δν x plane for which a minimum injected power is required for "normal PS" to occur. This optimal working point is defined by the vertex of the parabola of P inj x as a function of Δν x . Fig. 6 also shows that this lowest value of the injected power (P inj x,min ) is obtained at nearly zero frequency detuning for all values of normalized bias current considered. In other words, the minimum in the injected power occurs at a frequency very close to the orthogonal polarization of the VCSEL. Fig. 6 also shows that the region where "normal PS" is obtained shrinks with increasing applied bias current: for a fixed frequency detuning Δν x , the injected power strength (P inj x ) required to produce "normal PS" grows as the applied bias current is increased. These results obtained for time-varying OI are in good agreement with previous studies of "normal PS" in single-transverse mode 1550 nm-VCSELs subject to constant orthogonally-polarized injection [15] . On the contrary, in a recent work [43] using a short-wavelength multiple transverse mode VCSEL, the injected minimum power required to obtain PS decreased with increasing bias current. This different response can be explained as being due to the important role played by the higher-order transverse mode in the device used in [43] .
Moreover, the calculated results in Fig. 6 are in good agreement with the corresponding experimental map of Fig. 7(a) . Fig. 7 (a) plots results for two different values of bias current applied to the 1550 nm-VCSEL, namely 2.4 mA (1.5 I th ) and 4 mA (2.5 I th ). As in the calculated maps of Fig. 6 , the measured curve exhibits a parabolic shape with a minimum at around zero frequency detuning. Also, for the higher applied bias the measured parabola shrank and higher input power requirements were needed to achieve "normal PS". In all results included in Fig. 7 (a) the orthogonally-polarized injected signal was configured with a time duration of 4 ns.
We have also analyzed theoretically the optimum operating points for the achievement of "reverse PS" in a 1550 nm-VCSEL under DOI. In our calculations we still assumed that the freerunning VCSEL emits in its parallel polarization mode. Then, a constant orthogonally polarized optical signal is firstly injected into the VCSEL at a given detuning Δν x and with a constant injection power P inj x activating the orthogonal polarization and producing "normal PS". A pulsed optical signal with parallel polarization is also injected into the device with a frequency detuning Δν y and an injection power of P inj y . The injection of this second signal switches on the parallel polarization producing "reverse PS ". Fig. 8(a) shows the calculated map plotting the minimum values of P inj y required for "reverse PS" as a function of the frequency detuning Δν y for different values of P inj x . The optimum operating point is defined by the vertex of the parabola P inj y − Δν y which determines the lowest value of injected power required to produce "reverse PS" (P inj y ,min ). This optimal working point is located at negative values of frequency detuning, Dn y . This result is in good agreement with the corresponding experimental data shown in Fig 7(b) . Fig. 7(b) shows for the DOI configuration that the injection strength needed to achieve "reverse PS" decreases as the detuning crosses zero and reduces towards negative values. Furthermore, Fig. 8(a) also shows that the value of P inj y ,min shifts towards larger negative detuning as the strength of the constant orthogonally-polarized injected power (P inj x ) is increased. Fig. 8(b) and (c) shows in detail the evolution of P inj y ,min as well as the detuning at which it is located, Δν y ,min for increasing values of P inj x . We believe that this displacement towards negative frequency detunings of the minimum injection strength to produce "reverse PS" is due to frequency pushing effects arising in the VCSEL when the device is subject to DOI. The initial injection of the constant optical signal with orthogonal polarization pushes the VCSEL's cavity resonance towards lower frequencies. As a consequence, the minimum injection strength for the second timevarying parallel polarized signal to produce "reverse PS" will not occur at around zero detuning but will be displaced towards negative values. Besides, the higher the injection strength of the constant orthogonally polarized signal (P inj x ) the more the VC-SEL's cavity resonance is displaced towards lower frequencies and as a result the more the optimal point for "reverse PS" shifts towards negative frequency detunings.
We must also note that the curves calculated in Fig. 8(a) , independently of the value of P inj x configured, show a very similar (different) evolution in their lower (higher) frequency side. This non-uniform shift of the calculated P inj y − Δν y parabolas is related to the frequency asymmetry introduced by the VCSEL's linewidth enhancement factor, α. In order to further analyze this point we have numerically investigated the effect of α in the optimum operation point for "reverse PS". considered. Fig. 9(b)-(d) plotting calculated results for increasing positive values of α from 1 to 3 reveal a higher shift of P inj y ,min towards negative values of frequency detuning and a larger asymmetry in the calculated parabolae in the P inj y − Δν y plane as α increases. This larger displacement of the parabolas for higher positive values of alpha ultimately explains the merging of the different P inj y curves at the negative side of the detuning Δν y , also observed in Fig. 8(a) .
For clarity Fig. 10 plots the evolution of the vertex of the parabolas calculated in Fig. 9(a)-(d) . Fig. 10 shows that Δν y ,min does not shift towards negative detuning for a = 0 (solid-gray line) as P inj x increases. However, for increasing values of α significant displacements can be observed in the location of the minimum detuning Δν y ,min as P inj x grows.
We have also analyzed the influence of the normalized bias current in the DOI configuration. Fig. 11(a) shows calculated maps for different values of normalized bias current μ plotting as a function of Δν y the minimum value of P inj y required for the achievement of "reverse PS". In all cases analyzed in Fig. 11(a) the constant injected orthogonally-polarized power was fixed to P inj x = 1 arb. units. This value of P inj x is already large enough to shift significantly the calculated parabolas towards negative values of frequency detunings (as in Figs. 8(a) ) and Figs. 11(a) also shows that an increase of the normalized bias current μ produces a horizontal shift of the vertices of the parabola. This offset of the optimal point for "reverse PS" for increasing μ occurs now in the opposite direction to that obtained for increasing values of P inj x (see Fig. 8(a) ). Now, with increasing values of μ, Δν y ,min moves towards positive frequency detuning values closer to zero whereas P i njy, min remains unchanged. This behaviour can be better seen in Fig. 11(b) and (c) plotting the evolution of Δν y ,min and P inj y ,min as functions of μ. As a result, the optimal working point for "reverse PS" (P inj y ,min , Δν y ,min ) in a 1550 nm-VCSEL in the DOI configuration can by highly and effectively tuned in the P inj y − Δν y plane just by controlling the values of two system parameters such as P inj x and μ. This large degree of controllability could be effectively used to tune and optimize the operation of VCSEL-based systems utilizing PS for polarization sensitive applications, such as the recently reported all-optical inverter elements [29] , [30] and novel photonic neurons [36] , [37] amongst others.
VI. CONCLUSION
In this work we have investigated experimentally and in theory the "normal" and "reverse" PS obtained in a 1550 nmVCSELs under SOI and DOI. Experimental confirmation is provided for the speed operation enhancement predicted for "reverse" PS under DOI [30] . Also, we have investigated numerically and experimentally the optimal operating points for "normal" and "reverse" PS showing significant differences for the two cases of polarized OI analysed. Overall good agreement between theory and experiments is found.
Furthermore, we have numerically characterized the minimal injection power required to obtain both types of PS. We have also determined the influence of important system parameters such as the applied bias current, linewidth enhancement factor, frequency detuning and injection powers in the achievement of "normal" and "reverse PS". We have also identified the variables that modify the optimal operating point for the novel case of "reverse PS" under DOI.
These results obtained with off-the-shelf and inexpensive devices operating at the important telecom wavelength of 1550 nm offer exciting prospects for novel applications of VCSELs in polarization sensitive applications with enhanced operation speed.
